Introduction
============

Urinary bladder cancer, generally urothelial carcinoma that predominantly affects males throughout the world ([@bib1]), remains a major public health issue. More than two-thirds of patients initially present with non-muscle-invasive disease and suffer from tumor recurrence following transurethral resection and currently available intravesical pharmacotherapy. Meanwhile, muscle-invasive bladder cancer is associated with a high risk of disease progression even after more aggressive treatment such as radical cystectomy with neoadjuvant/adjuvant chemotherapy. Accordingly, identifying key molecules/pathways responsible for the development and/or growth of urothelial tumor may offer novel targeted therapy that improves patient outcomes.

Emerging evidence has suggested a vital role of androgen-mediated androgen receptor (AR) signals in the induction of urothelial tumorigenesis and tumor progression (reviewed in ([@bib2])), which may partly explain the gender disparity in the incidence of bladder cancer. Using preclinical models, AR inactivation has thus been shown to lead to the inhibition of bladder cancer outgrowth. We have additionally demonstrated that AR activation correlates with resistance to cisplatin treatment ([@bib3]) and radiotherapy ([@bib4]) in bladder cancer cells. However, the underlying mechanism of how AR and related signals modulate bladder carcinogenesis and tumor cell growth remains largely unknown.

ATF2 (activating transcription factor 2) is a member of the activating protein-1 (AP1) transcription factor family that functions via homo- or hetero-dimerization within family members, such as Jun and Fos ([@bib5], [@bib6]). It has been characterized as a mediator of not only cellular responses to stimuli, such as stresses, but also oncogenesis and progression of several types of neoplasms. Previous studies have also indicated that ATF2 can be phosphorylated by various kinases, including extracellular signal-regulated kinase (ERK) on Thr71 ([@bib7]).

We previously demonstrated that dihydrotestosterone (DHT), especially in the presence of epidermal growth factor (EGF), could activate the EGF receptor (EGFR)/ERBB2/ERK pathway in AR-positive bladder cancer cells ([@bib8]). We therefore anticipated that AR signals in bladder cancer cells contributed to the modulation of ATF2 activity. Indeed, in a profiling array we previously performed ([@bib9]), ATF2 was one of transcription factors that demonstrated substantial changes in their expression by androgen treatment in UMUC3 bladder cancer cells. In the present study, we investigated the role of ATF2 in urothelial tumorigenesis and tumor progression in relation to AR signaling. We found that ATF2 activity correlated with considerable induction of neoplastic transformation of AR-positive urothelial cells and the growth of AR-positive bladder cancer cells, but not those of AR-negative cells.

Materials and methods
=====================

Antibodies and chemicals
------------------------

We purchased anti-AR (N-20), anti-GAPDH (6c5) and anti-Histone H1 (FL-219) antibodies and anti-ATF2 (C-19), anti-p-ATF2 (Thr71) and anti-p-p44/42 MAPK (ERK) (Thr202/Thr204) antibodies from Santa Cruz Biotechnology and Cell Signaling Technology, respectively. We obtained DHT and hydroxyflutamide (HF) from Sigma-Aldrich. C6 ceramide and SCH 772984 were from Cayman Chemical.

Cell lines
----------

Human urothelial carcinoma cell lines (UMUC3 and 5637) and an immortalized human normal urothelial cell line (SVHUC) were originally obtained from the American Type Culture Collection. Another human urothelial carcinoma cell line (647V) was used in our previous studies ([@bib3], [@bib4], [@bib9], [@bib10], [@bib11], [@bib12]). All these lines were recently authenticated, using GenePrint 10 System (Promega), and routinely tested for Mycoplasma contamination, using PCR Mycoplasma Detection Kit (Applied Biological Materials). Stable sublines, including UMUC3-control- shRNA/UMUC3-AR-shRNA ([@bib8]), 647V-vector/647V-AR ([@bib9]) and SVHUC-vector/SVHUC-AR ([@bib13]), were established in our previous studies. Similarly, ATF2-shRNA lentiviral particles (sc-29205-V, Santa Cruz Biotechnology) were stably expressed in UMUC3, 647V-AR, 647V, SVHUC-AR and SVHUC cells. Multiple frozen aliquots were made upon the acquisition and all experiments were performed with cells undergoing fewer than 20 passages. UMUC3/647V/5637 (or their sublines) and SVHUC (or its sublines) were maintained in Dulbecco's modified Eagle's medium (Mediatech) and Ham's F-12K (Kaighn's) medium (Mediatech), respectively, supplemented with 10% fetal bovine serum (FBS) and cultured in phenol red-free medium supplemented with either 5% regular FBS or 5% charcoal-stripped FBS (for DHT treatment) at least 24 h before experimental treatment.

Western blot
------------

Proteins (30--50 µg) obtained from cell extracts were separated in 10% SDS-PAGE, transferred to PVDF membrane electronically, blocked and incubated with an appropriate dilution of each specific antibody and a secondary antibody (anti-mouse IgG HRP-linked antibody or anti-rabbit IgG HRP-linked antibody; Cell Signaling Technology) followed by scanning with an imaging system (ChemiDOC MP, Bio-Rad). We also used a nuclear and cytoplasmic extraction reagent kit (NE-PER, Thermo Scientific) for obtaining separate nuclear/cytoplasmic fractions.

Immunofluorescent staining
--------------------------

Cells plated onto eight-well chamber slides (NuncLab-Tek, Thermo Scientific) were cultured in medium containing ethanol, DHT and/or HF for 24 h. At the end of the drug treatment, the adherent cells were rinsed and fixed by 4% paraformaldehyde. The cells were then blocked with 1% bovine serum albumin for 1 h at 37°C, and an anti-ATF2 antibody (dilution 1:50) was added and incubated for 1 h at 37°C. Fluorescence images were acquired with a fluorescence microscopy (EVOS FL Auto, Life Technologies).

Reporter gene assay
-------------------

Cells at a density of 50--70% confluence in 24-well tissue culture plates were co-transfected with 250 ng of an AP1 reporter plasmid DNA (LR-2006, Signosis) and 2.5 ng of a control reporter plasmid (pRL-CMV), using Lipofectamine 3000 transfection reagent (Life Technologies). After transfection, the cells were cultured in the presence or absence of DHT and/or HF for 24 h. Cell lysates were then assayed for luciferase activity measured using a Dual-Luciferase Reporter Assay kit (Promega).

MTT assay
---------

Cells (500--1000/well) seeded in 96-well tissue culture plates were cultured for 72--96 h and then incubated with 0.5 mg/mL of MTT (Sigma-Aldrich) in 100 μL of medium for 3 h at 37°C. MTT was dissolved by DMSO, and the absorbance was measured at a wavelength of 570 nm with background subtraction at 630 nm.

Plate colony formation assay
----------------------------

Cells (500/well) seeded in 12-well tissue culture plates were allowed to grow until colonies in the control well were easily distinguishable. The cells were then fixed with methanol and stained with 0.1% crystal violet. The number of colonies in photographed pictures was quantitated, using ImageJ software (National Institutes of Health).

Apoptosis and cell cycle analysis
---------------------------------

The TUNEL assay was performed on cell-burdening coverslips, using the DeadEnd Fluorometric TUNEL system (Promega), followed by counterstaining for DNA with 4′,6′-diamidino-2-phenylindole (DAPI). Apoptotic index was determined in the cells visualized by the fluorescence microscopy (EVOS FL Auto). For cell cycle phase quantification, a kit (Cell Cycle Assay Cell-Clock biocolor) was used according to the manufacturer's protocol. Data were analyzed, using ImageJ software.

Scratch wound-healing assay
---------------------------

Cells at a density of ≥90% confluence in 12-well tissue culture plates were scratched manually with a sterile 200 µL plastic pipette tip, cultured for 24 h, fixed with methanol and stained with 0.1% crystal violet. The width of the wound area was monitored with an inverted microscope, and the normalized cell-free area in photographed pictures (24 h/0 h) was quantitated, using ImageJ software.

Cell invasion assay
-------------------

Cells (1 × 10^5^) in 500 μL of serum-free medium were added to the upper chamber of a Matrigel-coated transwell chamber (8.0 μm pore size polycarbonate filter with 6.5 mm diameter; Corning), whereas 750 μL of medium containing 10% FBS was added to the lower chamber of the transwell. After incubation for 16 h, invaded cells were fixed, stained with 0.1% crystal violet and counted.

*In vitro* transformation
-------------------------

An *in vitro* neoplastic/malignant neoplastic transformation system was employed, using SVHUC line upon exposure to a carcinogen 3-methylcholanthrene (MCA), as established in a previous study ([@bib14]), with minor modifications. Briefly, cells (2 × 10^6^/10 cm culture dish incubated for 24 h) were cultured in serum-free F-12K containing 5 µg/mL MCA (Sigma-Aldrich). After the first 24 h of MCA exposure, 1% FBS was added to the medium. After additional 24 h of MCA exposure, the cells were cultured in medium containing 5% FBS (without MCA) until near confluence. Subcultured cells (1:3 split ratio) were again incubated with MCA for two 48-hour exposure periods, using the above protocol. These MCA-exposed cells were subcultured for 6 weeks and then utilized for subsequent assays.

Reverse transcription (RT) and real-time PCR
--------------------------------------------

Total RNA isolated from cultured cells by TRIzol (Invitrogen) was reverse transcribed, using oligo-dT primers and Ominiscript reverse transcriptase (Qiagen). Real-time PCR was then performed, using RT2 SYBR Green FAST Mastermix (Qiagen). The primer sequences are given in Supplementary Table 1 (see section on [supplementary data](#supp1){ref-type="supplementary-material"} given at the end of this article).

Animal models
-------------

The animal protocol used in this study was approved by the University Committee on Animal Resources at the University of Rochester (protocol number: 2017-007/101860).

SVHUC- or UMUC3-derived cells (1 × 10^6^) mixed with 100 µL Matrigel (BD Biosciences) were subcutaneously injected into the flank of 6-week-old male immunocompromised athymic NCr-nu/nu mice (National Cancer Institute). Tumor size was estimated by serial caliper measurements of perpendicular diameters using the following formula ((short diameter)^2^ × (longest diameter) × 0.5).

Tissue microarray (TMA) and immunohistochemistry (IHC)
------------------------------------------------------

A set of TMA consisting of retrieved bladder tissue specimens obtained by transurethral resection performed at the Johns Hopkins Hospital was constructed previously upon appropriate approval from the institutional review board. The TMA in which AR was immunohistochemically stained in our previous study ([@bib15]) consisted of 129 cases of primary urothelial neoplasm from 98 men and 31 women with a mean/median age of 65.7/69 years (range: 26--89). All 51 patients with muscle-invasive tumor ultimately underwent radical cystectomy. None of the patients had received therapy with radiation or anti-cancer drugs prior to the collection of the tissues.

IHC was performed on the 5 µm sections, using a primary antibody to ATF2 (dilution 1:500), p-ATF2 (dilution 1:250) or p-ERK (dilution 1:1000), as we described previously ([@bib8], [@bib11]). All stains were manually quantified by two pathologists (G J & H M) who were blinded to sample identity. The German immunoreactive scores calculated by multiplying the percentage (0% = 0; 1--10% = 1; 11--50% = 2; 51--80% = 3; 81--100% = 4) of immunoreactive cells in their nuclei by staining intensity (negative = 0; weak = 1; moderate = 2; strong = 3) were considered negative (0; 0--1), weakly positive (1+; 2--4), moderately positive (2+; 6--8) and strongly positive (3+; 9--12).

Statistical analysis
--------------------

At least three independent experiments were performed in cell line assays. Fisher's exact test and Student's *t*-test/Mann--Whitney *U* test were used to assess statistical significance for categorized variables and those with a continuous distribution, respectively. Correlations between variables were determined by the Spearman's correlation coefficient (CC). The rates of xenograft tumor formation and patient survival were calculated by the Kaplan--Meier method and comparison was made by log-rank test. The Cox proportional hazards model was used to determine statistical significance of predictors in a multivariate setting. *P* values less than 0.05 were considered statistically significant.

Results
=======

Interplay between ATF2 and AR signals in bladder cancer cells
-------------------------------------------------------------

We first assessed the expression of ATF2 and its active form p-ATF2 in urothelial cell lines. Western blot showed that the levels of ATF2/p-ATF2 expression were higher in UMUC3 than in other bladder cancer lines, 5637 and 647V, and the weakest in a normal urothelial line SVHUC ([Fig. 1A](#fig1){ref-type="fig"}). We next investigated the impact of AR knockdown/overexpression and androgen treatment on ATF2/p-ATF2 expression. In UMUC3/647V/SVHUC cells, AR expression was found to correlate with that of p-ATF2, but not ATF2 ([Fig. 1B](#fig1){ref-type="fig"}). Similarly, in AR-positive cancer cells, DHT treatment induced the expression of p-ATF2, which was blocked by an anti-androgen HF, but not that of ATF2 ([Fig. 1C](#fig1){ref-type="fig"}). When subcellular localization of ATF2 was examined by western blot, DHT treatment resulted in increases and decreases in nuclear and cytoplasmic ATF2 expression, respectively, and HF antagonized the androgen effects ([Fig. 1D](#fig1){ref-type="fig"}). Promotion of nuclear translocation of ATF2 by androgen was further confirmed by immunofluorescence ([Fig. 1E](#fig1){ref-type="fig"} and Supplementary Fig. 1A). ATF2-mediated transcriptional activity was then determined in the cell extracts with transfection of an AP1 luciferase reporter plasmid and subsequent treatment with androgen and/or anti-androgen. DHT considerably augmented ATF2 luciferase activity, compared with mock treatment, and HF restored the enhancement ([Fig. 1F](#fig1){ref-type="fig"}). These results suggest that androgen activates ATF2 signals by inducing its nuclear translocation.Figure 1Effects of androgen on ATF2 expression/activity in bladder cancer cells. (A) Western blotting of ATF2 and p-ATF2 in 5637/647V/UMUC3/SVHUC cells. (B) Western blotting of AR, ATF2 and p-ATF2 in UMUC3-AR-shRNA/control-shRNA, 647V-vector/AR and SVHUC-vector/AR cells. Western blotting of ATF2 and p-ATF2, using total proteins (C) or separate nuclear and cytoplasmic protein fractions (D) extracted from UMUC3 or 647V-AR cells cultured with ethanol (mock), DHT (10 nM) and/or HF (5 μM) for 24 h. GAPDH and Histone H1 served as internal controls of total/nuclear and cytoplasmic proteins, respectively. Immunofluorescent staining (E) and luciferase reporter activity (F) of ATF2 in UMUC3 or 647V-AR cells cultured with ethanol (mock), DHT (10 nM) and/or HF (5 μM) for 24 h. Each value presented relative to that of mock treatment represents the mean (+[s.d.]{.smallcaps}) from three independent experiments. \**P* \< 0.05 (vs mock treatment). (G) Western blotting of p-ERK in UMUC3 or 647V-AR cells cultured with ethanol (mock), DHT (10 nM) and/or HF (5 μM) for 24 h. (H) Western blotting of p-ERK and/or p-ATF2 in UMUC3 or 647V-AR cells pretreated with SCH 772984 (2 µM for 6 h; 'Inh') or C6 ceramide (50 µM for 24 h; 'Act') with (in media containing charcoal-stripped FBS (CS-FBS)) or without (normal FBS) additional treatment of ethanol (mock) or DHT (10 nM) for 24 h.

We previously demonstrated that androgen induced the activity of MAPK in bladder cancer cells ([@bib8]), and ATF2 was known to be a downstream target of its pathway ([@bib7]). We confirmed that DHT induced the expression of p-ERK in AR-positive lines ([Fig. 1G](#fig1){ref-type="fig"}). An ERK activator also induced the expression of p-ATF2 ([Fig. 1H](#fig1){ref-type="fig"}). Additionally, in the presence of an ERK inhibitor, DHT did not significantly induce the expression of p-ERK as well as p-ATF2.

Role of ATF2 in bladder cancer progression
------------------------------------------

To investigate the functional role of ATF2 in cell proliferation, migration and invasion of bladder cancer, an ATF2-shRNA was stably expressed in AR-positive and AR-negative bladder cancer lines where ATF2 knockdown did not significantly affect AR expression ([Fig. 2A](#fig2){ref-type="fig"}). We compared cell viability via MTT assay ([Fig. 2B](#fig2){ref-type="fig"}) and colony formation via clonogenic assay ([Fig. 2C](#fig2){ref-type="fig"}) between ATF2-positive lines vs their knockdown lines. ATF2 knockdown resulted in significant decreases in the cell/colony number of AR-positive lines. By contrast, ATF2 knockdown did not significantly affect the growth of AR-negative cells. TUNEL ([Fig. 2D](#fig2){ref-type="fig"} and Supplementary Fig. 1B) and cell cycle ([Fig. 2E](#fig2){ref-type="fig"} and Supplementary Fig. 1C) assays in AR-positive/ATF2-knockdown lines further showed significant increases in apoptosis as well as the G0/G1 phase and significant decreases in the S and G2/M phases, compared with respective control lines. We also performed a scratch wound-healing assay ([Fig. 2F](#fig2){ref-type="fig"}) and a transwell invasion assay ([Fig. 2G](#fig2){ref-type="fig"}) to compare cell migration and invasion, respectively. Similar to the above findings, ATF2 knockdown demonstrated marked decreases in the migration/invasion ability of AR-positive cells, but not in that of AR-negative cells.Figure 2Effects of ATF2 knockdown on bladder cancer outgrowth. (A) Western blotting of ATF2 and AR in UMUC3/647V-AR/SVHUC-control-shRNA vs UMUC3/647V-AR/SVHUC-ATF2-shRNA. (B) MTT assay in UMUC3/647V-AR/647V-control-shRNA vs UMUC3/647V-AR/647V-ATF2-shRNA cultured for 72 h. (C) Clonogenic assay in UMUC3/647V-AR/647V-control-shRNA vs UMUC3/647V-AR/647V-ATF2-shRNA cultured for 2 weeks. The number of colonies consisting of ≥20 cells was counted. (D) TUNEL assay in UMUC3/647V-AR-control-shRNA vs UMUC3/647V-AR-ATF2-shRNA. (E) Cell cycle phase analysis in UMUC3-control-shRNA vs UMUC3-ATF2-shRNA. (F) Wound-healing assay in UMUC3/647V-AR/647V-control-shRNA vs UMUC3/647V-AR/647V-ATF2-shRNA. The cells grown to confluence were gently scratched, and the wound area was measured after 24-h culture. The migration was determined by the rate of cells filling the wound area. (G) Transwell invasion assay in UMUC3/647V-AR/647V-control-shRNA vs UMUC3/647V-AR/647V-ATF2-shRNA. The number of invaded cells present in the lower chamber was counted under a light microscope (100× objective in five random fields). Each value presented relative to that of control-shRNA subline (except apoptotic index) represents the mean (+[s.d.]{.smallcaps}) from three independent experiments. \**P* \< 0.05 (vs control-shRNA). (H) UMUC3-control-shRNA/ATF2-shRNA cells were subcutaneously implanted into the flank of athymic NCr-nu/nu mice (*n* = 9/group). Day 0 was set as estimated volume of each tumor exceeding 30 mm^3^. Each value represents the mean (+[s.d.]{.smallcaps}). \**P* \< 0.05 (vs control-shRNA at each day).

Next, we used mouse xenograft models to assess the effects of ATF2 knockdown on bladder tumor outgrowth *in vivo*. UMUC3-control-shRNA/UMUC3-ATF2-shRNA cells were implanted subcutaneously into the flank of immunocompromised mice, and tumor size was monitored following its formation (i.e. day 0 when the estimated tumor volume reached 30 mm^3^). The inoculated ATF2-shRNA tumors were found to be smaller than control-shRNA tumors, especially at day 10 or after ([Fig. 2H](#fig2){ref-type="fig"}).

Role of ATF2 in urothelial tumorigenesis
----------------------------------------

To investigate the functional role of ATF2 in urothelial tumorigenesis, we used an *in vitro* transformation model where non-neoplastic SHVUC cells could undergo stepwise transformation upon exposure to a chemical carcinogen MCA ([@bib14]). SVHUC-AR and SVHUC stably expressing either a control-shRNA or an ATF2-shRNA ([Fig. 3A](#fig3){ref-type="fig"}) were exposed to MCA and subsequently cultured for 6 weeks. The levels of AR expression were similar between SVHUC-AR-control-shRNA and SVHUC-AR-ATF2-shRNA. In addition, there were no significant differences in the rates of cell proliferation of these sublines (e.g. 12% decrease by ATF2-shRNA in SVHUC-AR cells, *P* = 0.364) without MCA exposure. Oncogenic activity of MCA-SVHUC sublines was then monitored by cell viability (MTT assay; [Fig. 3B](#fig3){ref-type="fig"}), colony formation (clonogenic assay; [Fig. 3C](#fig3){ref-type="fig"}) and tumor formation (mouse xenograft model; [Fig. 3D](#fig3){ref-type="fig"}). We thus compared the degree of neoplastic/malignant transformation in ATF2-positive vs ATF2-negative urothelial cells with the carcinogen challenge. In all the three assays, ATF2 knockdown in MCA-SVHUC-AR cells resulted in significant inhibition of their neoplastic transformation. By contrast, ATF2 knockdown did not significantly have an impact on neoplastic transformation of AR-negative MCA-SVHUC cells.Figure 3Effects of ATF2 knockdown on neoplastic transformation of urothelial cells. (A) Western blotting of ATF2 in SVHUC-AR/SVHUC-control-shRNA vs SVHUC-AR/SVHUC-ATF2-shRNA. SVHUC-AR/SVHUC-control-shRNA and SVHUC-AR/SVHUC-ATF2-shRNA cells exposed to MCA and subsequently cultured for 6 weeks were seeded for MTT assay (B; additional 96-h culture) or clonogenic assay (C; additional 2-week culture). Cell viability or colony number (≥20 cells) presented relative to that in control-shRNA cells represents the mean (+[s.d.]{.smallcaps}) from three independent experiments. \**P* \< 0.05 (vs control-shRNA). SVHUC-AR-control-shRNA/ATF2-shRNA cells exposed to MCA and subsequently cultured for 6 weeks (D) or UMUC3-control-shRNA/ATF2-shRNA cells (E) were subcutaneously implanted into the flank of athymic NCr-nu/nu mice (*n* = 9/group). The endpoint for this study was tumor formation (exceeding 30 mm^3^ in its estimated volume or 5 mm in greatest dimension).

Tumor formation of the UMUC3 xenografts, as an endpoint (i.e. 30 mm^3^ in estimated volume), used for the assessment of tumor growth ([Fig. 2H](#fig2){ref-type="fig"}) was compared between control-shRNA and ATF2-shRNA lines. In accordance with the above findings, ATF2 knockdown resulted in striking delay in the formation of xenograft tumors ([Fig. 3E](#fig3){ref-type="fig"}).

By using a quantitative RT-PCR method, we then compared the expression levels of oncogenic molecules that are known to play an important role in bladder tumorigenesis by modulating cell cycle progression and/or apoptosis in urothelial cells undergoing neoplastic transformation. In SVHUC-AR cells with MCA exposure, ATF2 knockdown significantly downregulated the expression of *Bcl-2*, *cyclin A2*, *cyclin D1*, *JUN* and *MMP-2* ([Fig. 4A](#fig4){ref-type="fig"}). However, the expression levels of these genes were not significantly different between AR-negative MCA-SVHUC cells with vs without ATF2-shRNA ([Fig. 4B](#fig4){ref-type="fig"}).Figure 4Effects of ATF2 knockdown on the expression of genes involving cell cycle progression and/or apoptosis in urothelial cells undergoing neoplastic transformation. SVHUC-AR-control-shRNA vs SVHUC-AR-ATF2-shRNA (A) and SVHUC-control-shRNA vs SVHUC-ATF2-shRNA (B) exposed to MCA and subsequently cultured for 6 weeks were subjected to RNA extraction and real-time RT-PCR. *GAPDH* was used to normalize the expression of *Bcl-2*, *cyclin A2*, *cyclin D1*, *JUN* or *MMP-2*, which is presented relative to that of control-shRNA cells (the mean +[s.d.]{.smallcaps} of three independent experiments). \**P* \< 0.05 (vs control-shRNA).

Expression of ATF2 in bladder cancer specimens and its prognostic significance
------------------------------------------------------------------------------

Finally, we stained immunohistochemically for ATF2, p-ATF2 and p-ERK in the bladder TMAs consisting of 129 urothelial neoplasms and corresponding 85--86 non-neoplastic bladder tissues. Positive signals of these proteins were detected predominantly in the nucleus of benign/malignant urothelial cells ([Fig. 5A](#fig5){ref-type="fig"}).Figure 5IHC of ATF2, p-ATF2 and p-ERK in bladder cancer specimens. (A) The staining is scored by a combination of the intensity (i.e. strong (ATF2, p-ERK), weak (p-ATF2)) and distribution (i.e. percent immunoreactive cells). Original magnification ×200. (B) Kaplan--Meier analyses for PFS and CSS in patients with muscle-invasive tumor, according to ATF2/p-ATF2/p-ERK positivity.

Overall, ATF2/p-ATF2/p-ERK was positive in 54 (64%; 27 (32%) 1+, 24 (28%) 2+, 3 (4%) 3+)/2 (2%; 2 (2%) 1+)/9 (10%; 8 (9%) 1+, 1 (1%) 2+) of 85 benign urothelial tissues and 108 (84%; 33 (26%) 1+, 63 (49%) 2+, 12 (9%) 3+)/41 (32%; 41 (32%) 1+)/33 (26%; 23 (18%) 1+, 8 (6%) 2+, 2 (2%) 3+) of 129 tumors, respectively (Supplementary Tables 2, 3 and 4). Thus, the rates of their positivity (0 vs 1+/2+/3+) were significantly higher in tumors than in benign tissues. We next analyzed the associations of their expression with the histopathological profile available for our patient cohort. The rate of moderate to strong (0/1+ vs 2+/3+) or strong (0/1+/2+ vs 3+) ATF2 expression was significantly higher in high-grade tumors (53 (67%) or 11 (14%)) than in lower grade tumors (22 (44%) or 1 (2%)). Positivity (0 vs 1+/2+/3+) or moderate/strong positivity (0/1+ vs 2+/3+) of ATF2 also tended to be more often seen in muscle-invasive tumors (47 (92%) or 35 (69%)) than in non-muscle-invasive tumors (61 (78%) or 40 (52%)). However, there were no significant associations between p-ATF2/p-ERK expression and tumor grade or pT stage as well as between ATF2/p-ATF2/p-ERK expression and the status of lymph node involvement. In tumors, the expression levels of p-ATF2 vs p-ERK were correlated (all cases; CC = 0.449, *P* \< 0.001) (Supplementary Table 5). Meanwhile, in our previous study ([@bib15]), AR was immunohistochemically stained in the bladder TMAs including the present 129 cases and was found to be positive in 58 (45%) tumors. Remarkably, there were moderate (0.4 ≤ CC \< 0.6) and weak (0.2 ≤ CC \< 0.4) correlations between ATF2 and AR in high-grade non-muscle-invasive tumors and between p-ATF2 and AR in all/male/low-grade/muscle-invasive tumors, respectively.

We then performed Kaplan--Meier analysis coupled with the log-rank test to assess possible associations between ATF2/p-ATF2/p-ERK expression and patient outcomes. There were no significant associations between the status of ATF2/p-ATF2/p-ERK expression in non-muscle-invasive tumors and a recurrence-free survival or progression-free survival (PFS) rate as well as between that of ATF2 expression in muscle-invasive tumors and a PFS or cancer-specific survival (CSS) rate ([Fig. 5B](#fig5){ref-type="fig"}). However, patients with p-ATF2-positive/p-ERK-positive muscle-invasive tumor had significantly higher risks for disease progression (*P* = 0.004/*P* = 0.017) and cancer-specific mortality (*P* \< 0.001/*P* = 0.004). Moreover, as suggested (*P* = 0.071) in our previous study involving 91 muscle-invasive tumors ([@bib15]), AR positivity was significantly (*P* = 0.013) associated with disease progression in the 51 muscle-invasive tumors ([Table 1](#tbl1){ref-type="table"}). To determine whether ATF2/p-ATF2/p-ERK expression was an independent prognosticator, multivariate analysis was performed with Cox model ([Table 1](#tbl1){ref-type="table"}). In muscle-invasive tumors, p-ATF2 positivity was strongly associated with a lower CSS rate (HR = 5.317, *P* = 0.012). p-ERK positivity also showed a trend toward significance for disease progression (HR = 2.727, *P* = 0.066). Additionally, in 50 cases of low grade tumors, moderate/strong expression of ATF2 was strongly associated with the risk of tumor recurrence in both univariate (*P* = 0.034) and multivariate (HR = 2.956, *P* = 0.045) settings. Table 1Univariate and multivariate Cox regression analyses.Dichotomized variablesRecurrence-free survivalProgression-free survivalUnivariateMultivariate^a^UnivariateMultivariate^a^*P* valueHR (95% CI)*P* value*P* valueHR (95% CI)*P* valueLMPs & LGs (*n* = 50) Age\<70 vs ≥70 years0.5000.140 SexMale vs female0.7640.286 Tumor gradeLMP vs LG0.4760.404 Pathologic T stageNANANA LN involvementNANANA LVINANANA AR0 vs 1+/2+/3+0.8710.110 ATF20/1+ vs 2+/3+0.0342.956 (1.026--8.515)0.0450.827 p-ATF20 vs 1+0.5640.419 p-ERK0 vs 1+/2+0.7970.553NMI tumors (*n* = 78) Age\<70 vs ≥70 years0.9970.100 SexMale vs female0.3040.510 Tumor gradeLow^b^ vs high0.0372.301 (1.053--5.025)0.0370.00210.122 (1.559--63.705)0.008 Pathologic T stagepTa vs pT10.3760.150 LN involvementNANANA LVINANANA AR0 vs 1+/2+/3+0.7580.149 ATF20 vs 1+/2+/3+0.1960.354 p-ATF20 vs 1+0.9280.756 p-ERK0 vs 1+/2+/3+0.9300.819**Dichotomized variablesProgression-free survivalCancer-specific survival**UnivariateMultivariate^a^UnivariateMultivariate^a^*P* valueHR (95% CI)*P* value*P* valueHR (95% CI)*P* valueMI tumors (*n* = 51) Age\<70 vs ≥70 years0.8350.480 SexMale vs female0.5450.689 Tumor gradeNANANA Pathologic T stagepT2 vs pT3-4\<0.0015.500 (1.936--15.621)0.0010.0054.913 (1.536--15.719)0.007 LN involvementpN0 vs pN1-30.1360.085 LVI(−) vs (+)0.2560.338 AR0 vs 1+/2+/3+0.0130.137 ATF20 vs 1+/2+/3+0.1700.169 p-ATF20 vs 1+0.004\<0.0015.317 (1.443--19.594)0.012 p-ERK0 vs 1+/2+/3+0.0172.727 (0.936--7.945)0.0660.004[^1][^2]

Discussion
==========

The functional role of ATF2 in urothelial tumorigenesis and cancer progression remains poorly understood, while the involvement of androgen-mediated AR signals in them has been well documented. In our previous study, we demonstrated that androgen increased the expression of p-ERK and activated the EGFR/ERBB2/ERK pathway in bladder cancer cells ([@bib8]). In the current study, we first showed the activation of ATF2, as a downstream target of the ERK, through the AR pathway in bladder cancer cells. AR activation was then found to lead to considerable induction in the expression of p-ATF2, but not that of ATF2, as well as nuclear translocation and transactivation of ATF2. Furthermore, when an ERK inhibitor was pretreated, androgen failed to significantly induce p-ATF2 expression. These findings suggest that AR signals modulate ATF2 activity through the EGFR-ERK pathway in bladder cancer cells.

ATF2 is known to regulate the expression of its target genes, including those involving apoptosis, cell proliferation and DNA damage response ([@bib6], [@bib16]). Accordingly, ATF2 activation has been correlated with the growth of some neoplasms, such as spindle cell carcinoma of the skin ([@bib17]), extramammary Paget's disease ([@bib18]), head and neck squamous cell carcinoma ([@bib19]), synovial sarcoma ([@bib20]) and pancreatic cancer ([@bib21]). Interestingly, loss of ATF2 function has also been observed in other malignancies, such as breast and lung carcinomas as well as neuroblastoma ([@bib22]), implying that the balance of tissue-specific compositions of ATF2-AP1 dimers is critical for transcriptional programs for cell survival vs cell death ([@bib6]). We here demonstrated that ATF2 knockdown significantly reduced cell proliferation by modulating apoptosis and cell cycle, as well as cell migration/invasion and the growth of inoculated xenografts in mice, of bladder cancer lines possessing a functional AR.

Similar to the roles of ATF2 in tumor progression described above, ATF2 has been shown to function as both an oncogene and a tumor suppressor in a cell- or tissue-dependent manner and induce/suppress tumor development. Even for mammary tumorigenesis, both stimulation ([@bib23]) and inhibition ([@bib24]) by ATF2 have been documented. Dual functions of ATF2 have also been demonstrated in the development of melanoma ([@bib25], [@bib26]). Additionally, in SVHUC normal urothelial cells, treatment with arsenic, a bladder carcinogen, induced the expression of ATF2 and p-ATF2, which was inhibited by JNK or p38 inhibitors ([@bib27]). We here demonstrated further evidence, using an *in vitro* transformation model, indicating that ATF2 could promote urothelial tumorigenesis in the presence of AR. In SVHUC-AR cells with carcinogen challenge, ATF2 knockdown resulted in significant decreases in the expression levels of oncogenic molecules. It still needs to be determined how ATF2 signaling regulates urothelial cancer initiation.

More importantly, functional interplay between ATF2 and AR signals, as documented in skeletal muscle cells ([@bib28]), was confirmed in urothelial cells. Specifically, ATF2 significantly regulated neoplastic transformation of urothelial cells, as well as bladder cancer cell growth, only in the presence of AR. Thus, activated AR appears to be required for the modulation of urothelial tumorigenesis and tumor progression by ATF2. It should be determined whether AR signals are critical for the ATF2-regulated outgrowth of various malignancies in which they are known to play both significant and insignificant roles.

Several immunohistochemical studies have determined the expression levels of ATF2, p-ATF2 and/or p-ERK in human tumor specimens. In particular, ATF2 and/or p-ATF2 were found to be significantly elevated in pancreatic cancer ([@bib21]), prostate cancer ([@bib29]) and spindle cell carcinoma of the skin ([@bib17]), compared with respective normal/benign controls. In addition, ATF2 or p-ATF2 overexpression in breast cancer tissues was shown to associate with lower disease-free survival (*P* = 0.079) or higher overall survival (*P* = 0.047) rates, respectively ([@bib30]). Using IHC in our bladder TMAs, we found significant increases in the expression levels of ATF2, p-ATF2 and p-ERK in bladder cancers, compared with corresponding non-neoplastic urothelial tissues. ATF2 expression was also elevated in high-grade and muscle-invasive bladder cancers, compared with low grade and non-muscle-invasive tumors, respectively. Prognostic analysis of the expression of these proteins further revealed that overexpression of ATF2, p-ATF2 and p-ERK was an independent predictor of recurrence of low grade tumors, cancer-specific mortality of muscle-invasive tumors and disease progression of muscle-invasive tumors, respectively. However, it was unexpected that some of the known risk factors (e.g. pTa vs pT1 in non-muscle-invasive tumors, pN0 vs pN1-3 in muscle-invasive tumors) were not significantly associated with clinical outcomes in the present study, possibly due to limited numbers of patients in each group and lack of statistical power. Meanwhile, there were significant positive correlations between the expression levels of p-ATF2 and p-ERK, ATF2 and AR (high-grade non-muscle-invasive tumors only) and p-ATF2 and AR. Current immunohistochemical findings in 129 bladder tumors thus support our *in vitro*/*in vivo* data suggesting that activation of ATF2 signals contributes to the induction of urothelial tumorigenesis and tumor progression.

In conclusion, ATF2 appeared to be activated in bladder cancer, which was associated with tumor development and progression. In particular, p-ATF2 expression in muscle-invasive bladder cancers may serve as a reliable prognosticator. ATF was also found to involve the regulation of urothelial tumorigenesis as well as tumor growth in the presence of activated AR, while androgen could activate ATF2 in bladder cancer cells. Accordingly, ATF2 inhibition, together with AR inactivation especially in AR-positive cases, has the potential of being an effective chemopreventive and/or therapeutic approach for urothelial carcinoma.
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